The nucleotide sequence of the Streptomyces griseus afsA gene, possibly encoding a key enzyme for A-factor (2-isocapryloyl-3R-hydroxymethyl-y-butyrolactone) biosynthesis, was determined. The translational initiation codon was identified by introducing out-of-frame mutations at appropriate positions by oligonucleotidedirected mutagenesis. The afsA gene was thus found to code for a protein of 301 amino acid residues and 32.6 kilodaltons whose codon usage pattern was in agreement with the general tendency of Streptomyces genes with an extremely high guanine-plus-cytosine content. High-resolution S1 nuclease mapping indicated that the transcriptional start point was the A residue, the first position of the ATG translational initiation codon.
phenotypes at a concentration as low as 10-9 M. Similar autoregulators have recently been reported, such as factor I, controlling anthracycline biosynthesis in Streptomyces viridochromogenes (8); a factor controlling cytodifferentiation and anthracycline production in Streptomyces bikiniensis and Streptomyces cyaneofuscatus (7) ; and "inducing factors," controlling virginiamycin biosynthesis in Streptomyces virginiae (28) . These factors have a y-butyrolactone in their structures, which tells us that low-molecular-weight chemical substances with a -y-lactone ring function in general as a regulator for secondary metabolism and cell differentiation in a wide variety of Streptomyces spp.
The A-factor genes in various streptomycin-producing organisms, which were shown to be well conserved in nucleotide sequence (16) , appeared to be plasmid borne, since they could not be mapped to a chromosomal location and they were transferred independently of chromosomal markers (11) . Although there is as yet no physical evidence for this, Southern hybridization experiments with the cloned Streptomyces griseus determinant 5.0 kilobases (kb) long as a probe showed that all the A-factor-deficient mutant strains obtained by so-called plasmid-curing treatments lost the entire sequences homologous to the probe (16) . The DNA blot experiments also showed a wide distribution of sequences homologous to the cloned A-factor gene of S. griseus among a wide variety of actinomycetes.
The cloned A-factor gene appeared to code for a single key enzyme for A-factor biosynthesis, because (i) a trimmed 1.2-kb fragment still conferred A-factor production to afsA mutants of Streptomyces coelicolor A3 (2) deficient mutant strains of streptomycin-producing S. griseus obtained by curing treatments, (ii) the 1.2-kb fragment showed a remarkable gene dosage effect on A-factor production when it was carried on a high-copy-number plasmid and introduced into the above A-factor-deficient mutants, and (iii) the 1.2-kb fragment was capable of conferring A-factor production with a marked gene dosage effect to all the Streptomyces strains tested which originally had no ability to produce A-factor and no DNA sequence homologous to the cloned determinant (16) . As to the function of the cloned A-factor gene, other (less likely) possibilities are that the afsA gene encodes a positive regulatory factor or that the afsA gene product titrates out a negative regulatory factor. In this communication, we describe both the nucleotide sequence of the S. griseus A-factor gene corresponding to the afsA gene of S. coelicolor A3(2) and the determination of the transcriptional start point and the translational initiation codon.
As mentioned above, the location of the afsA gene of S. griseus had been narrowed to a 1.2-kb EcoRI-BamHI fragment ( Fig. 1) (17) . The 2.0-kb EcoRI-PstI fragment covering this region was easily separated by digestion with the restriction enzymes from pAFB7 and therefore was used as the starting material in the determination of the nucleotide sequence of the S. griseus afsA gene. The nucleotide sequence was first determined by the Maxam-Gilbert method according to the strategy shown in Fig. 1 . The restriction fragments derived from the starting material, i.e., the 2.0-kb EcoRI-PstI fragment purified from agarose gel slices by the sodium perchlorate method (4) (24) . The DNA sequences were determined with a Takara sequencing kit and [k-32P]dCTP (3, 000 Ci/mmol; Amersham) with dITP instead of dGTP as described previously (15) .
method. All restriction sites used for end labeling and cloning into M13 bacteriophages were verified by determination as part of an overlapping sequence. The nucleotide sequence, starting at the EcoRI site and extending 1,203 nucleotides (nt) to the second BamHI site, is shown in Fig.  2 .
The completed sequence was analyzed for protein-coding character by using a GENETYX program which was devised by following the rules established by Bibb et al. (1) for reliable prediction of protein-coding regions in a G+C-rich sequence, especially of Streptomyces genes. A probable coding sequence was identified, starting approximately at nt 200 and extending rightward almost to the end of the sequence. This direction of the coding sequence was consistent with our previous finding that within the 1,203-base-pair (bp) EcoRI-BamHI fragment only a single rightward promoter was present in the 440-bp EcoRI-BamHI (nt 1 to 442) fragment (17) . An open reading frame extends rightward from a possible ATG start codon at nt 204 and terminates at a TGA translational stop codon at nt 1107. However, several other in-frame codons, GTG (nt 222, 225, 234, and 248) and ATG (nt 246), seemed to be possible start codons. It appeared to be unnecessary to consider the region upstream from nt 204 for the candidate for start codon, because S1 nuclease mapping, as described below, showed that the transcriptional start point was nt 204.
To determine the actual translational start codon, we introduced out-of-frame mutations at appropriate positions by site-directed mutagenesis (Fig. 3) . The EcoRI-PstI fragment from pAFB7 was cloned into M13mpl9, and the single-stranded form was used as the segment of DNA to be mutated with the mutant primers. The mutant progenies were obtained by using the Muta-Gene kit (Bio-Rad Laboratories, Richmond, Calif.) as specified by the manufacturer. The mutated nucleotide sequences were confirmed by sequencing. The double-stranded DNA from the progenies were purified and digested with EcoRI plus PstI. The EcoRIPstI fragment obtained from each of the progenies was ligated with pAFB7 digested with EcoRI plus PstI. The ligation mixture was introduced by transformation into S. 1lihdans TK21 (13) , since direct introduction of in vitroligated samples into S. griseus HH1 yielded almost no transformants, probably owing to strong restriction barriers of this strain. The resultant plasmids, named pAFB7S and pAFB7N, were purified by CsCl-ethidium bromide ultracentrifugation from thiostrepton (40 Lg/ml)-resistant transformants, and their constructions were checked by restriction mapping. These plasmids, as well as pAFB7, were introduced into the A-factor-deficient mutant strain, S. griseuts HH1, and their phenotypes were examined. Plasmid pAFB7S, in which 3-base sequence CGC (nt 209 to 211) was replaced by a 4-base sequence, GCTC, was used to test whether the ATG at nt 204 was used as the start codon, and plasmid pAFB7N, in which the C at nt 233 was deleted, was used to test the possibility of two sequential GTG codons at nt 222 and 225. In pAFB7N, the G at nt 225 was also changed to A for experimental convenience. These two mutated plasmids, and pAFB7 as a control, were introduced by transformation into an A-factor-deficient mutant, S. griseus HH1, and A-factor production was tested by the streptomycin cosynthesis method (9, 16 40 Vug of thiostrepton per ml was isolated by using lysozyme-sodium dodecyl sulfate and hot phenol, as previously described (15) . After treatment with RNase-free DNase I (Worthington Diagnostics, Freehold, N.J.), the RNA was phenol extracted and ethanol precipitated. Digestion of the hybridization mixtures with S1 nuclease and subsequent analysis by polyacrylamide gel electrophoresis indicated that only the EcoRI-AvaIl fragment yielded a protected band, about 50 bp long. We then performed a similar protection experiment by using the RsaI-AvaII fragment (nt 114 to 256) with 32p only at the 5' end of the Avall site and analyzed the protected band in parallel with the sequencing ladders. For making 32P-labeled DNA probe, the EcoRI-Avail fragment (nt 1 to 256) was purified by agarose gel electrophoresis, dephosphorylated with bacterial alkaline phosphatase, end labeled at the 5' ends with T4 polynucleotide kinase and [_y-32P]ATP, and then cleaved with RsaI.
The RsaI-AvaII fragment with 32P at the 5' end of the Avall site was separated on a preparative polyacrylamide gel. Again, a protected band with the same size as that observed in the above experiments was obtained (Fig. 4) . These results showed that the transcriptional start point of afsA mRNA was A at nt 204, which corresponded to the first position of the ATG translational start codon. An additional band corresponding to nt 205 may be an artifact, probably of the enzymatic properties of S1 nuclease. No significant homology in the promoter region of afsA with other known Streptomyces promoters (12) was observed.
The translation of the afsA mRNA presents a striking contrast to the conventional interaction between ribosomes and Shine-Dalgarno sequences in translational initiation in other procaryotes (6) . The 23S rRNA methylase gene mediating erythromycin resistance from Streptomyces erythraeus (3), the aminoglycoside phosphotransferase gene mediating neomycin resistance from Streptomycesfradiae (2), and the streptothricin acetyltransferase gene mediating streptothricin resistance from Streptomyces lavendulae (15) also initiate transcription at the translational initiation codon. Because of a requirement for self protection, expression of antibiotic resistance determinants is supposedly enhanced at the onset of antibiotic biosynthesis (22) . A-factor production by S. griseus is also enhanced exactly at the onset of streptomycin biosynthesis (9) . Since the RNA used for the S1 nuclease mapping was prepared from a 3-day culture of S. griseus, the determined 5' end of the afsA mRNA is assumed to correspond to the transcriptional start point at this stage of growth, where A-factor production reaches a maximum and streptomycin production starts. This unusual feature of transcription and translation of antibiotic resistance genes and the afsA gene in antibiotic-producing strains may be associated with the differential expression of these genes, although still by some unknown mechanism.
An additional note we would like to mention is that the G+C content of the region (nt 1 to 203) upstream from the translational start codon is 57.9 mol%. There are several sequence stretches of 4 to 7 bp consisting of A and T residues, which appears to be unusual in Streptomyces genes with an extremely high G+C content. Although we have as yet obtained no evidence, the A+T-rich region may serve as a regulatory element for transcription of the alfsA gene.
As mentioned above, we speculate that the AfsA protein is a key enzyme for A-factor biosynthesis, and the precursors with which this enzyme works are commonly present in (23) . No bands were observed when only the probe was digested with Si nuclease (data not shown). The small arrow indicates the position of the fragment with the strongest intensity. The 5' terminus of the mRNA is assigned to nucleotide 204, since Si-treated DNA labeled at the 5' end migrates 1.5 bases slower than the corresponding DNA on the sequence ladder (27) .
Str-eptomyc-es spp. On the basis of the working hypothesis that A-factor is synthesized from a 3-carbon unit, probably a glycerol derivative, and a 10-carbon unit, a r3-keto acid, we attempted to synthesize A-factor in vitro by using cell extracts of S. griseus HH1 containing pAFB7. Phosphoenolpyruvate, dihydroxyacetone phosphate, or 3-phosphoglyceric acid was used as a 3-carbon unit, and 8-methyl-3-hydroxynonanic acid was used as a 13- 
